Scope-Aim of the study was to identify and monitor metabolite markers of dry bean consumption in parallel human and mouse studies that each had shown chemopreventive effects of dry bean consumption on colorectal neoplasia risk.
Introduction
Colorectal cancer (CRC) is an important public health problem, accounting worldwide for over 694,000 deaths in 2012 [1] . In the U.S., CRC was the fourth most common cancer (135,260 new cases) and the second leading cause of cancer-related deaths (51,738 deaths) in 2011 [2] . Costs for CRC treatment were estimated to be over $14 billion for 2010 in the U.S. [3] . Prevention strategies are imperative.
Diet is an established risk factor for CRC and presents a safe and effective strategy for CRC prevention [4] . Consumption of legumes, such as peas, beans, lentils, chickpeas and soybeans, is inversely associated with colorectal neoplasia risk in humans [5] . In a series of human and mouse intervention studies, we showed that high intake of dry beans, such as baked, kidney, pinto, lima, black, and navy beans, decreases colorectal neoplasia. In the 4-year Polyp Prevention Trial (PPT), increased self-reported dry bean consumption decreased serum markers of inflammation and insulin resistance and ultimately decreased advanced adenoma recurrence [6] [7] [8] . In the Legume Inflammation Feeding Experiment (LIFE), a controlled human feeding study, a 4-wk high dry bean diet (250 g/d) favorably changed serum markers of inflammation, insulin resistance, and hypercholesterolemia [9, 10] , which are associated positively with CRC. In ob/ob mice developing azoxymethane (AOM)-induced tumors, we documented that the preventive effect of navy beans was strongest in the navy bean ethanol extract [11] .
To demonstrate a protective effect of dry beans on colorectal neoplasia occurrence and progression in humans, biomarkers of dry bean intake are needed. These markers can monitor dietary compliance in intervention studies and reduce misclassification from selfreported dietary assessments, especially when dry beans are consumed as part of mixed dishes. Biomarkers in serum and fecal samples can measure not only recent intake of bioactive compounds but also estimate bioavailability at the tissue level.
Currently, there are very few established dietary biomarkers and none for dry beans. Metabolomics provides a global analysis of metabolites in biological samples and is a novel and promising tool for identifying exposure biomarkers in humans [12, 13] . Two essential criteria of a useful serum dry bean marker are that the biomarker is abundant in and relatively specific to dry beans and that the biomarker has a strong association with dry bean consumption or changes in dry bean intake, that are consistent across various populations. Thus, the first objective of our study was to identify metabolite markers that are unique to dry bean consumption using controlled human and mouse feeding studies. The second objective was to evaluate whether the identified metabolite markers reflected dry bean consumption in samples of polyp-free subjects from a multi-year human intervention study that promoted their consumption. Two markers emerged, namely pipecolic acid and Smethyl-cysteine, that reflected dry bean consumption.
Materials and methods

Controlled human feeding study (LIFE)
The Legume Inflammation Feeding Experiment (LIFE) was a randomized controlled crossover feeding study conducted at the General Clinical Research Center (University Park, PA) to evaluate whether a 4-week high dry bean diet (250 g or 1.5 cups/day of cooked pinto, navy, kidney, lima, and black beans) altered serum markers of insulin resistance or inflammation. All aspects of this study were approved by the Institutional Review Boards of the Pennsylvania State University (IRB21051) and the National Cancer Institute (05CN215-A) and are described in detail elsewhere [9] . Non-smoking males, aged 35 to 75 years, who had undergone colonoscopies within the previous 2 years, were randomly assigned to either a 4-week high dry bean or a healthy American diet (chicken meat replaced dry beans as primary protein source) and then were switched after a 2-week washout period to the other diet for the second 4-week feeding period. Diets were isocaloric and similar in macronutrients. Portion sizes were adjusted to avoid weight changes of participants. We selected an equal number of participants that were insulin resistant, had a colorectal adenoma history, had both, or had neither (n = 12 per category; samples for two individuals without insulin resistance and colorectal adenoma history were lost). We analyzed 12-hour overnight fasting serum samples collected at the beginning and end of the dry bean diet period. Samples were stored at −80°C until the end of study for analysis.
Self-reported dry bean consumption study (PPT)
The PPT, was a 4-year randomized, multi-center, nutritional intervention trial to evaluate whether a high-fiber (≥4.30 g/MJ or 18 g/1,000 kcal), high-fruit and high-vegetable (≥0.84 servings/MJ or 5 servings/d), and low-fat (≤20% of energy) diet is effective in inhibiting colorectal adenoma recurrence. The study was approved by the institutional review boards of the National Cancer Institute and those of the collaborating centers (OH91C0159-B). The study was registered with the ClinicalTrials.gov identifier NCT00339625. A detailed description of the study has been published elsewhere [14, 15] . Briefly, men and women, aged 35 years or older, with at least one histologically confirmed colorectal adenoma removed in the prior 6 months, were randomized at baseline (T0) to the dietary intervention or control group for 4 consecutive years of follow-up. At T0 and at the end of each year (T1 to T4), participants provided a blood sample and completed an interviewer-administered questionnaire about demographic, clinical, medication and supplement use, and a food frequency questionnaire (FFQ) querying usual diet during the previous year. A single question was asked about the intake of cooked dry beans, such as pinto, navy beans, lentils and bean soups (amount and frequency). The 5 most commonly consumed dry beans based on annually administered four-day food records, available for a subset of participants, were in this order: baked, kidney, pinto, lima, and navy beans [6] .
Using a nested study design, we selected participants (men and women) who were polypfree at T4 with fasting blood samples available from T0 and T3, as well as complete FFQs from both of these time points. Participants (n=106 per group) self-reported either increased (≥+31 g/d T3-T0), high dry bean intake of ≥42 g/d (T3) or low, unchanged dry bean consumption of <8 g/d at T0 and T3. Individuals with and without increased dry bean consumption were matched on gender, age (+/− 5 years) and changes in consumption of other dietary components (i.e., fruits, vegetables, fat, flavonols, and fiber). In addition, we selected 21 participants, which did not fit into either category. We analyzed 12-hour fasting serum samples collected at T0 and the end of T3.
Mouse feeding study
For the mouse study, 16 pathogen-free male FVB/N mice were purchased from the NCIFrederick Animal Production Area at 5 weeks of age. The mouse study was agreed to and regulated by the Animal Care and Use Committee of the National Cancer InstituteFrederick, MD (ASP-10-269). Mice were transferred to the Laboratory Animal Sciences Program of SAIC Frederick Inc. (Frederick, MD) and maintained throughout the study in single cages of 29.2×19.1×12.7 cm dimensions in a temperature (20-22 °C) and humidity (50%)-controlled room with a 12:12-hour light/dark cycle. Mice had ad libitum access to drinking water (reverse osmosis-purified water) and feed. Diets were prepared by Harlan Teklad (Madison, WI). All mice started on an AIN-93G purified diet [16] , which was also the control diet. At 8.5 weeks of age, half of the mice were switched to a navy bean extract enriched diet. The control and the bean extract diet were the same except that part of the cornstarch (10% of the diet as fed) was replaced by navy bean ethanol extract, the preparation of which is described in Supporting Information S1.
Samples of the navy bean extract, control diet, and the bean extract diet were sent for metabolomic analysis. After being on the diet for 6 weeks, fecal samples as well as blood samples for serum analysis were taken from each mouse. We randomly selected 6 mice per treatment group for further fecal and serum analysis.
Serum assays
All serum, fecal, and diet samples were stored at <−70 °C until analysis. Metabolite profiles were measured at Metabolon Inc. (Research Triangle Park, North Carolina) using 3 different systems (liquid chromatography/mass spectroscopy +/− electrospray ionization and gas chromatography/mass spectroscopy). Separated metabolites were identified based on retention time, m/z, and the MS/MS spectral data of experimental data and >2,000 commercially available, purified, and authenticated standard compounds that were run across Metabolon's systems. Samples were run in a single run in batches of 30 samples. Blinded quality control samples of pooled serum were inserted at a level of 10% randomly throughout each batch (only for the PPT study), in addition to an unblinded standard every sixth sample (for all studies). The inter-assay and intra-assay coefficient of variation (CV) for metabolites of the blinded quality control sample were 9.7% and 15.6%, respectively. The inter-assay CV for internal metabolite standards was 5% in the PPT study and 6% in the LIFE and mouse study. The inter-assay CV for endogenous metabolites was 10% in the LIFE study, 16% in the mouse study, and 12% in the PPT study, which are typical CVs for Metabolon analyses.
Statistical analyses
Parametric and nonparametric tests were used in Statistical Analysis Systems, version 9.2 (SAS, Inc.), software and STATA 9 (StatCorp, College Station, TX). The statistical analysis for each data set was restricted to metabolites that could be detected in ≥ 90% of samples after dry bean exposure in that specific data set. Signal intensity areas below the LOD were substituted with the minimum observed value in that specific data set data multiplied by 0.9. Peak intensities were not transformed.
To identify biomarkers of dry bean intake, serum metabolites before and after 4 weeks of high dry bean consumption were measured using samples from participants from the controlled human feeding study. Data were analyzed as fold-change (post-high dry bean diet as a percentage of pre-high dry bean diet) using paired t-tests and Wilcoxon signed-rank tests. We also determined the percentage overlap between pre-bean and post-bean samples of the study population. For the sensitivity analysis, we examined whether recent history of colorectal adenoma, insulin resistance, or feeding period modified the effects of dry bean consumption.
To confirm the identified biomarkers were specific to dry beans, we measured serum and fecal metabolites of mice that were on diets for 6 weeks that differed only in dry bean extract content. We statistically compared the 0% and 10% dry bean extract groups using unpaired t-tests (assuming unequal variance) and Mann-Whitney U-tests. The small sample size (n=6) and the non-normal distribution limited the statistical power; thus, the primary criterion for a specific serum biomarker or a specific fecal biomarker was that the peak areas of the mouse samples did not overlap between the two diets.
To determine if the identified biomarkers reflect dry bean consumption over several years, we conducted a nested study in the PPT. Serum metabolites and self-reported dry bean intake were measured at T0 and T3 for participants that reported increased dry bean consumption (n=106) and matched participants with unchanged, low dry bean consumption (n=106). To evaluate whether the identified biomarkers can detect long-term changes in dry bean intake within participants, we analyzed fold changes in serum metabolite levels (T3 as % of T0) in participants that increased their dry bean consumption. To evaluate whether the identified biomarkers can differentiate between participants with low and high self-reported dry bean intake, we analyzed differences in serum metabolite levels (high reporter T3 as % of low reporter) in matched participants with high or low dry bean consumption.
To determine whether changes in serum metabolite levels (T3 as % of T0) are gradual over a wide range of self-reported changes in dry bean intakes (T3-T0), we computed Pearson and Spearman correlation coefficients, the Kruskal Wallis test and multiple linear regression models using data from the nested study and included 21 participants, which did not fit into either category. The same statistical tests and data were used to determine whether the identified biomarker (T3) reflect differences in dry bean consumption over a wide range of intakes (T3). The median levels of each dry bean intake quantile and serum metabolite quantile were used to determine correlation coefficients between intake and metabolite quantiles. For all multiple regression models, the following potential confounders were added to the models in a stepwise fashion and tested for their effect on serum metabolites: age, body mass index (BMI), and sex.
To adjust for multiple comparisons, q-values were calculated using the linear step-up procedure of Benjamini [17] . All statistical tests were two-sided and considered significant at q < 0.05.
Results
Controlled human feeding study (LIFE) identifies pipecolic acid as best indicator of dry bean consumption
A total of 275 known serum metabolites were identified; among these, 228 were above the LOD in ≥90% of post bean samples. After a 4-week dry bean-enriched diet (250 g/d), levels of 80 serum metabolites (35% of analyzed metabolites) were altered at P < 0.05 and 64 metabolites (28%) were altered at q < 0.05 using paired t-tests. The strongest responses to dry beans (q < 10 −7 ) were observed for pipecolic acid (PA), S-methyl-cysteine (SMC), Nacetylornithine (NAO), trigonelline (TRIG), and indole propionate (IPA; Table 1; Figure 1 ). Serum PA increased in all participants after dry bean consumption. Without dry bean consumption, serum SMC and NAO could not be consistently detected. Recent history of colorectal adenoma, insulin resistance, or feeding period did not modify the effects of dry bean consumption.
Mouse feeding study identifies pipecolic acid and S-methyl-cysteine as best indicators of dry bean consumption
The objective of the mouse feeding study was to confirm that the observed changes in serum metabolites observed after consuming a dry-bean enriched diet in the LIFE study were in fact caused by dry beans and not a food component that was also changed by the recipes for the dry-bean enriched diet. Serum, fecal, and dietary metabolites were measured.
A total of 299 known serum metabolites were identified; among these, 285 were above the LOD in at least 5 of 6 mice on the bean extract diet. A navy bean extract-enriched diet altered 26 metabolites (9% of analyzed metabolites) at P < 0.05 and 7 metabolites (2.4%) at q < 0.05 using unpaired t-tests; the most significant being PA, SMC, and NAO (all q < 0.003). Besides isovalerylcarnitine, PA, SMC and NAO separated mice from the control and the bean extract diet. All mice fed bean extract had significantly higher PA (median: 5,062% of control mice), SMC (217%) and NAO (2,627%) levels than control mice (Figure 2 ). Without dry bean consumption, serum SMC and NAO could not be consistently detected. Serum TRIG and IPA were below the LOD in all samples.
A total of 370 known fecal metabolites were identified; of these, 302 were above the LOD in at least 5 of 6 mice on the bean extract diet. A navy bean extract enriched diet altered 49 metabolites (16% of analyzed metabolites) at P < 0.05 and 10 metabolites (3.3%) at q < 0.05 using unpaired t-tests. Seventeen fecal metabolites, including PA and SMC, separated mice from the control and the bean extract diet. All mice fed bean extract had higher PA (median: 704% of control mice) and SMC (139%) levels than control mice (Figure 2) . Without dry bean consumption, serum levels of SMC could not be consistently detected. All fecal NAO and IPA levels were below the LOD and TRIG values could not differentiate the groups (data not shown).
Based on the peak area, the most abundant metabolites in the dry bean extract were PA and TRIG, which constituted 37.1% and 10.1% of the combined peak area of all known metabolites. In the BE supplemented diet, they made up 35.3% (PA) and 8.2% (TRIG) of the combined peak area. In comparison, the PA and TRIG peaks constituted 0.12% and 0.03% of the combined peak area in the control diet. The most abundant peaks unique to the BE supplemented diet were the SMC (1.37%) and NAO peaks (0.66%). In the dry bean extract, they made up 0.75% (SMC) and 0.32% (NAO) of the combined peak area. IPA was not detected in dietary samples.
Self-Reported Dry Bean Consumption (Polyp Prevention Trial) identifies pipecolic acid and S-methyl-cysteine as best indicators of dry bean consumption
The objective was to determine whether the identified metabolites reflect dry bean consumption over several years. We used a nested study of polyp-free participants within the PPT, a 4-year intervention study that promoted dry bean consumption in the intervention arm.
A total of 454 known serum metabolites were identified; of these, 305 were above the LOD in ≥90% of T0 or T3 samples. Increased self-reported dry bean consumption from T0 by at least 31 g/d to 42 g/d in year 3 was associated with changes in 77 serum metabolites (25% of analyzed metabolites) at P < 0.05 and 42 metabolites (14%) at q < 0.05 using paired t-tests. The 42 metabolites included PA, SMS, NAO, and TRIG (Table 2; Figure 3 ). Serum levels of PA, SMC, NAO, TRIG, and IPA did not change at P > 0.10 in participants with low, unchanged self-reported dry bean consumption (data not shown).
Self-reported high or low dry bean consumption in year 3 was associated with differences in 37 serum metabolites (12% of analyzed metabolites) at P < 0.05 and 4 metabolites (1.3%) at q < 0.05 using a paired t-test. Besides dihomolinolenate, the 4 metabolites included PA, SMC, and IPA (Table 3; Figure 3 ).
Changes in self-reported dry bean intake over a 3 year period were linearly reflected in changes in serum PA, SMC, NAO, TRIG, and IPA levels during the same time period (Table 2; Figure 4 ). Using six groups that span changes in self-reported dry bean intake (T3-T0; <0, 0, 0.5-14, 20-43, 49-87, and 93-289 g/d) was highly correlated with changes in serum PA, SMC, NAO, TRIG, and IPA levels (all r > 0.85).
Differences in self-reported dry bean intake in year 3 were linearly reflected in serum PA (r=0.34) and SMC (r=0.43) levels, to a smaller extent in NAO and IPA levels, but not in TRIG levels (Table 3; Figure 4 ). TRIG levels, however, were associated with coffee consumption (r=0.55; results not shown). Using six groups that span the self-reported dry bean intake in year 3 (0, 1-5, 7-28, 42-72, 98-108, and 147-294 g/d), dry bean consumption was correlated strongly with serum PA (r=0.97), SMC (r=0.96), and IPA (r=0.87) levels, less correlated with NAO levels (r=0.47), and not correlated with TRIG levels (r=0.11). Age, sex, and BMI did not affect the estimates for any of the five examined metabolites, except for IPA, which was affected by BMI (lower in obese compared with overweight and normal BMI participants; data not shown).
Discussion
Accumulating evidence suggests that there is a protective role of dry bean intake against colorectal neoplasia occurrence and progression; however, most of the evidence in human studies relies on self-reported dietary assessment. To demonstrate a protective effect of dry beans on CRC in humans, biomarkers of dry bean intake are needed. Currently, there are few established dietary biomarkers of diet, and none for dry beans. Metabolomics provides a global analysis of metabolites in biological samples and, thus, is a well-suited analytical tool for identifying markers of dry bean consumption. Criteria for a good serum biomarker of dietary intake are: a) strong association with dietary intake or changes in dietary intakes that are consistent across various populations, b) abundance and relative specificity to dietary compound of interest, c) low intestinal microbial metabolism of biomarker and its precursor, d) high intestinal absorption rate, e) minimal endogenous synthesis or catabolism, and e) long half-life in serum. Dietary biomarkers may not necessarily be bioactive markers for prevention of colorectal neoplasia.
Identification and evaluation of markers of dry bean consumption was a three-phase process. We used three studies that each had shown chemopreventive effects of dry bean consumption on at least biomarkers of CRC risk [7] [8] [9] 18 ]. In a controlled human feeding study (LIFE) and a controlled mouse feeding study, we identified serum PA, SMC, NAO, and TRIG as markers of dry bean consumption; among those, SMC and NAO were specific to dry bean intake. In a multi-year intervention study that promoted dry bean consumption in the intervention arm (PPT) only serum PA and SMC separated individuals based on dry bean consumption.
Pipecolic acid
PA is a cyclic, non-protein imino acid, which is the most abundant non-protein nitrogen fraction in dry beans (6,788 mg/kg dry beans) [19] [20] . In comparison, most commonly consumed foods have negligible PA contents (<2.6 mg/kg) except for cabbage (21.37 mg/ kg), broccoli (13.56 mg/kg), and cauliflower (11.90 mg/kg) of the Brassicacae family [20, 22] .
Intestinal microbial metabolism, which converts lysine to PA, can affect concentrations of PA in biological samples and may explain the variability in magnitude of serum and fecal PA response to dry beans in our study. Prior studies reported that antibiotic treatment decreased plasma PA concentrations [21, 23] . Intestinal microbial metabolism of dietary PA may confer chemopreventive benefits for the human host because PA is a precursor of microbial compounds with anti-inflammatory (e.g., rapamycin), antitumor (e.g., swainsonine), and antibiotic (e.g., virginiamycin) properties [19] . Some rare, metabolic disorders can increase PA concentrations in blood [21, [23] [24] [25] [26] . Taken together these findings indicate that serum PA isre specific to dry bean intake.
S-Methyl cysteine
SMC is a non-protein amino acid, which is derived by acid hydrolysis from the second most common non protein nitrogen component of dry beans γ-glutamyl-SMC (3,026 mg/kg dry beans) [20] . Besides dry beans, only some other Phaseolus and Vigna species (mung beans, cow peas) accumulate sulfur groups as SMC components [27] [28] . Alliaceae and Cruciferae vegetables contain small amounts of SMC [29] [30] [31] . The chemopreventive properties of dry beans may be partly conferred through SMC, as it inhibits inflammation [32] , lipid peroxidation [33] , and chemical carcinogenesis in the liver and colon [34] [35] [36] by acting as a methyl-group acceptor.
SMC has a high intestinal absorption rate [37] [38] [39] and negligible intestinal microbial SMC catabolism [40] . Endogenous catabolism of SMC is extensive (88%) but relatively slow as 41% is excreted within 24 hr as urine [37] . Under rare circumstances, SMC-containing proteins can be synthesized endogenously during xenobiotic metabolism [41, 42] . Taken together these findings indicate that serum SMC is specific to dry bean intake.
Strengths and limitations
There were several strengths and limitations of our studies for identifying and monitoring markers of dry bean intake. The greatest strength is that we used three nutrition studies that complement each other in their strengths and weaknesses. The LIFE study was a controlled human feeding study; however, changes in dry bean consumption were large (250 g of cooked dry beans/d), only men were enrolled, and changes in other food components associated with the high dry bean diet could have caused metabolite changes. The mouse feeding study was a controlled feeding study, in which diets differed only in dry bean content; however, only male mice were in the study. The nested study within the PPT was a multi-year intervention study that included polyp-free men and women over a wide intake range (0 to 300 g/d) of dry bean intake; however, intakes were based on self-reported data using a FFQ. Since only 3 participants in the control arm reported increasing their dry bean consumption by 31 g/d and 25 participants in the intervention arm had unchanged low dry bean consumption, we could not evaluate, whether the study arm affected the results for the PPT. Since only 5 participants in the high dry bean group of the PPT were smoker and smoking was an exclusion criterion for the LIFE, we could not evaluate the effect of smoking on serum metabolite levels.
A general limitation was that metabolomics is a global analysis tool and, therefore, cannot be as accurate as an optimized assay for determining specific metabolite levels; although the metabolite CVs from our three studies indicated good reliability.
Given that the PPT was based on self-reported, typical dry bean consumption for the previous year and the LIFE and mouse feeding studies were controlled feeding studies, only marginal associations between self-reported dry bean intake and serum markers that were identified in the LIFE and mouse feeding studies can be expected in the PPT. However, correlations of r > 0.95 between 6 groups that span self-reported dry bean intake with serum PA and SMC suggest that PA and SMC are useful biomarkers of dry bean consumption and that self-reported dry bean intake approximated "true" intake levels of dry beans. Similar correlations as for SMC and dry bean intake by a FFQ for the previous year (r=0.43) have been reported for the linear association between biomarkers of α-tocopherol and 6 separate 24-hr dietary recalls [43] . The prospective collection of dietary data and the use of dietary questionnaires that were reviewed by registered dieticians may have improved the accuracy of the FFQ in this study [6] .
Concluding remarks
We previously showed in a controlled human feeding study (LIFE), a large, multi-year nutrition intervention study (PPT), and a mouse feeding study that dry bean intake has chemopreventive effects for colorectal neoplasia. In the current study, we used the same three studies to identify and evaluate markers of dry bean consumption. We observed that PA and SMC were elevated after dry bean consumption in the LIFE study and a mouse study and reflected dry bean consumption in the Polyp Prevention Trial. Serum PA and SMC levels are specific to dry beans; therefore, PA and SMC can be used as metabolite markers for dry bean consumption. Future research will determine whether PA and SMC are bioactive marker for prevention of colorectal neoplasia.
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